Abstract. In contrast to documented increases in woody plant dominance of former savannas and grasslands of North America, ecotones between oak (Quercus L.) woodlands and semi-desert grasslands of the southwestern United States and northwestern Mexico have been relatively stable over the past several centuries. Soil resource partitioning, wherein shallow-rooted grasses use summer precipitation and deep-rooted woody plants use winter precipitation, may have contributed to the stable coexistence of grasses and trees that form savannas at this ecotone. Thus, predicted changes in regional precipitation patterns and soil moisture caused by anthropogenic trace gas emissions have the potential to alter interactions between woody plants and grasses with potential ramifications for their relative abundance and distribution.
INTRODUCTION
Increasing atmospheric carbon dioxide concentration is expected to increase global temperatures and thereby alter the amount, seasonality, and intensity of precipitation on global to regional scales (Houghton et al. 1996 , Mahlman 1997 , Giorgi et al. 1998 ). In arid and semi-arid regions where vegetation is highly dependent upon precipitation, changes in seasonal precipitation and soil moisture regimes may cause major shifts in plant composition, distribution, and abundance (Ste-and distribution have been proposed (e.g., fire suppression, alteration of herbivory by native or introduced herbivores, directional climate change; Archer 1994, Polley et al. 1996 Schulze et al. 1996) . According to this two-layer model (Walter 1954 (Walter , 1979 , grasses use shallow sources of soil moisture derived from summer precipitation, whereas deep-rooted woody plants use precipitation that percolates deep into the soil profile during the nongrowing season. As such, shifts in the proportional seasonality of precipitation would alter the relative abundance and distribution of these two life forms. However, the two-layer model does not explicitly consider the woody plant regeneration niche (sensu Grubb 1977); environmental conditions sufficient for survival of adult plants may be insufficient for recruitment of seedlings.
The ecotone between temperate oak woodland and adjacent semi-desert grassland in the southwestern United States and northwestern Mexico ranges from discrete lower treelines to more diffuse savannas (Brown 1982, McClaran and . This ecotone is characterized by a bimodal precipitation regime, with summer and winter peaks in precipitation. However, this regional precipitation regime is likely to change within the next century as atmospheric CO2 concentration increases (Houghton et al. 1996 , Giorgi et al. 1998 , although the extent and direction of change is difficult to predict (Mahlman 1997) .
We examined how changes in the amount and seasonality of precipitation may affect oak (Quercus L.) seedling recruitment and its implications for shifts in the woodland-grassland ecotone. We used manipulative experiments to simulate potential scenarios of precipitation redistribution that both trees and grasses may experience by the mid-to late 21st century (Houghton et al. 1996 , Giorgi et al. 1998 ). This research enabled us to test the importance of soil moisture resource partitioning as a constraint on savanna structure within the context of the woody plant regeneration niche (sensu Grubb 1977) . We predicted that winter precipitation would be correlated with recruitment and growth of tree seedlings at the ecotone, whereas summer precipitation would not affect seedling recruitment and growth.
METHODS

Study site
Research was conducted between 1994 and 1996 at the lower, xeric margin of temperate, evergreen-oak woodland at the base of the Huachuca Mountains in southeastern Arizona, USA. In particular, the study site was located in lower Garden Canyon ( 
Experimental design
In June 1994, we initiated a field experiment consisting of five simulated precipitation treatments applied to plots isolated from ambient precipitation and soil moisture (see Appendix). The first treatment received simulated precipitation equivalent to the longterm (i.e., 30-yr) mean annual precipitation for the site (602 mmlyr; Table 1 ). The other four treatments received all possible combinations of 50% additions and reductions of summer (July-September) and winter (December-February) precipitation relative to the long-term seasonal mean. Treatments received equal amounts of precipitation in spring (March-June) and autumn (October-November). This experimental design necessarily confounds seasonal treatments with total precipitation; equivalent proportional reductions or additions to both summer and winter mean precipitation, which currently differ by a factor of almost two, result in a broad range of total annual precipitation (Table 1) Precipitation collected and stored onsite was applied to plots according to a randomly generated precipitation regime that simulated natural precipitation patterns (Nicks and Lane 1989 ; J. Stone, personal communication). Simulated precipitation events ranged from 1 mm to 120 mm, and were applied by hand-watering 57 times annually (Table 1) .
On 19 July 1994 and 17 July 1995, coincident with the onset of the summer rains (i.e., the Arizona monsoon), we planted 49 Q. emoryi acorns at 10-cm spacing into each plot. Acorns were collected on the day of planting from at least 20 trees onsite and were sorted by visual examination and flotation (Nyandiga and McPherson 1992) .
In each year, seedling emergence and survival were monitored at two-week intervals until the end of October. Thereafter, seedling survival for each cohort was monitored monthly until experiment termination on 26 October 1996. Insecticide (Carbaryl 4L; Platte Chemical, Fremont, Nebraska, USA) was applied to all seedlings monthly during the growing season to minimize invertebrate herbivory.
Gravimetric soil moisture content at 10 cm and 50 cm in each plot was determined by extracting a -20 g soil sample using a 2 cm diameter coring tool. Core holes were backfilled with tamped soil. At the end of each growing season, standing herbaceous biomass within each plot was estimated by double-sampling (Pechanec and Pickford 1937) five randomly located 0.0625 m2 subplots per plot.
At experiment termination, we recorded height of live seedlings in each cohort, and clipped seedlings at ground level for determination of aboveground biomass. We sampled herbaceous root biomass by extracting soil with a bucket auger from two randomly-located 10 cm diameter cores in successive 20-cm increments to 1 m depth. Plots were then excavated to 1 m depth to determine root biomass (in 20-cm increments) and taproot length for two seedlings selected at random (and treated as subsamples) from each cohort. Seedling roots were extracted by hand, and herbaceous roots were later extracted by hand separation, flotation in brine, and subsequent sieving through 2.0-mm mesh. All plant tissue samples were oven-dried at 60'C for 72 hr before weighing.
Statistical analyses
All data were tested for normality with the ShapiroWilk W statistic (Shapiro and Wilk 1965). Data not normally distributed (P < 0.05) were transformed prior to analysis of variance (ANOVA; SAS procedure GLM; SAS Institute 1989). Proportional seedling emergence (emerged seedlings/acorns planted) was transformed using an arcsine-square-root function (Zar 1996) prior to ANOVA. For all ANOVA models, precipitation treatment and block were treated as fixed and random effects, respectively. We used Fisher's protected LSD (Fisher 1960 ) a posteriori mean separation tests to compare levels within factors for all significant effects (P < 0.05 unless otherwise indicated). Mean seedling height and root length, and seedling and herbaceous shoot and root biomass within each plot were used in all analyses.
Proportional hazards regression analysis (PHREG; SAS procedure PHREG; Allison 1995, SAS Institute 1996) was used to test for differences between survivorship curves of emerged seedlings for each cohort. For each cohort, we used PHREG to compare subsets of survivorship curves equivalent to all possible pairwise treatment combinations. To determine whether cohorts responded similarly to the different treatments, we compared survivorship curves within treatment that encompassed the duration of the experiment for cohort two (i.e., 460 days), and the first 460 days of cohort one.
Seedling recruitment was defined as the product of seedling emergence and survival of emerged seedlings at experiment termination as determined by proportional hazards regression analysis. We used Z tests of proportions (Zar 1996) to compare recruitment between all pairwise treatment combinations.
Data for shoot height and root length, shoot, total root, and total (shoot + total root) biomass, and total root:shoot biomass ratios of surviving Q. emoryi seedlings at experiment termination were analyzed with ANOVA. Total aboveground and belowground herbaceous biomass were analyzed by year and at experiment termination, respectively, using ANOVA. We used multivariate analysis of variance (MANOVA; Pillai's Trace in SAS procedure GLM; SAS Institute 1989) models to analyze data for seedling root biomass and grass root biomass in successive 20 cm soil depth increments to 1 m (von Ende 1993).
We used ANOVA to evaluate treatment effects on soil moisture content at 10 cm and 50 cm soil depths for each sample date (N = 31 dates). In addition, we used single degree of freedom contrasts (Scheff6 1953) to test specific hypotheses regarding effect of treatment on soil moisture content; for each date, we used contrasts to compare wet and dry treatments (i.e., summer wet vs. summer dry, winter wet vs. winter dry).
RESULTS
Seedling emergence.-Seedling emergence was affected by treatment, but the intensity of treatment effects was cohort dependent (Table 2) . Seedling emergence in summer wet treatments was three times that of summer dry treatments for cohort one (contrast P < 0.0001). Treatment effects on seedling emergence were similar for cohort two (contrast P = 0.08), but differences were attenuated relative to cohort one by both increased emergence in summer dry treatments and decreased emergence in summer wet treatments.
Seedling survivorship.-Seedling survivorship curves were characterized by (1) low mortality during the first two months after emergence, (2) higher rates of mortality between two and four months, (3) periods of low mortality during the November-March nongrowing season, and (4) periods of higher seedling mortality during the annual seasonal drought between April and June, particularly in 1996 (Figs. 1 and 2) .
Seedling survivorship was dependent upon both treatment and cohort (Table 2) . Survivorship curves for cohort one did not differ (P > 0.21) with one exception: seedling survival in the mean precipitation treatment was lower than in the summer wet-winter dry treatment (P = 0.04). Although seedling survivorship was somewhat extended in winter dry treatments, relatively high rates of mortality in all treatments during the 1996 premonsoon drought attenuated treatment-induced differences in survivorship (Fig. 1) .
Survivorship curves for cohort two did not differ (P > 0.27) with the exception of the mean precipitation treatment: seedling survival was lower with mean precipitation than all other treatments (P < 0.04 except summer dry-winter dry where P = 0.06). In contrast to cohort one, seedling mortality during the 1996 premonsoon drought exacerbated treatment-induced differences in survivorship (Fig. 2) .
Temporal patterns of seedling survivorship differed between cohort one and cohort two, regardless of treatment (P < 0.04). Seedling survival during the first Ecology growing and nongrowing seasons (i.e., July-March) was comparable for the two cohorts. However, during the second growing season (in 1995 and 1996 for cohorts one and two, respectively), survival rates of seedlings in cohort one remained relatively high, but declined dramatically for cohort two. Seedlings from cohort one that were in their third growing season in 1996 also experienced high rates of mortality.
Seedling recruitment.-Seedling recruitment (i.e., the number of individuals added to the population) reflected the combined effects of emergence and subsequent survivorship within the different treatments and cohorts (Table 2 ). Recruitment ranged from 1.5 to 3 times greater in summer wet than summer dry treatments for both cohorts. Recruitment for cohort one was least in summer dry treatments, intermediate in the mean treatment, and greatest in summer wet treatments (P < 0.004). Recruitment for cohort two did not differ between the mean and summer dry treatments (P > 0.65), and was greatest in summer wet treatments (P < 0.04).
Seedling size and production.-Within each cohort, seedling size and production parameters at experiment termination were unrelated to the different treatments (Table 3) with soil depth, did not affect seedling root biomass distribution within the soil profile for either cohort (P > 0.10). In all treatments, seedling root biomass was concentrated in the top 20 cm of the soil profile, particularly for cohort two (Fig. 3) Herbaceous production-.Total aboveground herbaceous biomass did not differ (P > 0.49) between treatments for the first growing season (i.e., 1994). However, differences in the second (1995) and third (1996) growing season reflected longer term effects of the treatments on herbaceous production (Table 4) . In both 1995 and 1996, herbaceous biomass, which consisted largely of C4 perennial grasses, was about two times greater in summer wet than summer dry treatments, and was intermediate in the mean precipitation treatment. Results are consistent with other observations that total herbaceous production in similar systems dominated by C4 grasses is correlated with warmseason precipitation (Nelson 1934 , Cable 1975 , Kemp 1983 , Burgess 1995 .
Total belowground biomass of herbaceous plants at experiment termination was not affected by treatment (P = 0.20). MANOVA indicated that effect of treatment, and its interaction with soil depth, did not affect herbaceous root biomass distribution within the soil profile (P > 0.18). Regardless of treatment, herbaceous root biomass was concentrated within the top 20 cm Notes: Seedlings were grown from acorns planted in 1994 (Cohort 1) and 1995 (Cohort 2) in plots watered to simulate mean seasonal precipitation (mean) and all combinations of 50% additions (wet) and reductions (dry) to summer (JAS) and winter (DJF) precipitation relative to the seasonal mean (n = 4) at lower treeline in southeastern Arizona, USA. Within each cohort, means within each column did not differ (P > 0.13).
of the soil profile, but extended to depths of at least 1 m (Fig. 3) .
Soil moisture.-Soil moisture was affected by treatment, depth, and sample date (Fig. 4) (i.e., spring or autumn, with one exception) when all treatments were receiving the same volume of water. Soil moisture was more variable in the mean precipitation treatment than other treatments (data not shown), depending on sample date and soil depth. However, within the summer and winter seasons, soil moisture contents in mean plots either did not differ from, or were between, soil moisture contents in wet or dry treatments (oa = 0.05; data not shown).
Regardless of treatment, soil moisture generally was two times greater in winter than in summer, and was lowest in June (Fig. 4) . Seasonal soil moisture exhibited the greatest absolute range at 10 cm depth. In summer, soil moisture at 50 cm tended to lag that at 10 cm by about two months.
DISCUSSION
Q. emoryi seedling demography
Simulated shifts in the amount and seasonality of precipitation within this oak savanna produced differences in Q. emoryi recruitment rates. Results failed to support the prediction that winter precipitation would be directly correlated with recruitment (i.e., addition of individuals to the population) and growth of tree seedlings. In contrast, summer precipitation was most important for Q. emoryi seedling emergence and early establishment (Table 2) , although seedling growth was unaffected (Table 3) . Differences in recruitment, which ranged from 1.5-to 3-fold greater in summer wet than summer dry treatments, were shaped by the impacts of summer precipitation regime on both seedling emergence and survival.
These Note: Within year, means with the same letter did not differ significantly (P > 0.05).
ilarly, establishment of other woody plants (e.g., Acacia, Juniperus, Pinus, Prosopis, Quercus) within arid and semi-arid grasslands has been attributed to intrato interannual periods of above average precipitation or soil moisture (Johnsen 1962 
